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(54) Dual fuel engine which ignites a homogeneous mixture of gaseous fuel, air, and pilot fuel 



(57) A method of operating an engine assembly 
(10) having a cylinder assembly (26) which defines a 
combustion chamber (46) is disclosed. The method 
includes the steps of performing an intake stroke of the 
cylinder assembly (26) and advancing a conditioning 
fuel into the combustion chamber (46) during the intake 
stroke performing step. The method further includes the 
steps of advancing a gaseous fuel into the combustion 
chamber (46) during the intake stroke performing step 
and performing a compression stroke of the cylinder 
assembly (26) after the intake stroke performing step. 
The method yet further includes the steps of advancing 
a pilot fuel into the combustion chamber (46) during the 
compression stroke performing step and combusting 
the pilot fuel in the combustion chamber (46) during the 
compression stroke performing step so as to ignite the 
conditioning fuel and the gaseous fuel. The gaseous 
fuel and the conditioning fuel are mixed in the combus- 
tion chamber (46) prior to the pilot fuel advancing step 
so as to facilitate ignition of the gaseous fuel in the com- 
bustion chamber (46). 
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Description 

Technical Field of the Invention 

[0001] The present invention relates generally to a 5 
dual fuel engine, and more specifically to a dual fuel 
engine which ignites a homogeneous mixture of gase- 
ous fuel, air, and pilot fuel. 

Background of the Invention 10 

[0002] Natural gas has several advantages over other 
hydrocarbon fuels that are combusted in internal com- 
bustion engines. For example, natural gas is less 
expensive relative to other hydrocarbon fuels. Moreover, is 
for example, natural gas burns cleaner during operation 
of the internal combustion engine relative to other 
hydrocarbon fuels. By burning cleaner, a reduced 
amount of combustion byproducts such as carbon mon- 
oxide, oxides of nitrogen or hydrocarbons are released 20 
into the environment during operation of the internal 
combustion engine. In addition, because lubricants of 
the internal combustion engine become contaminated 
with the combustion byproducts over a time period, the 
production of a reduced amount of combustion byprod- 25 
ucts results in less contamination of the lubricants over 
the time period thereby increasing the useful life of the 
lubricants. 

[0003] One type of internal combustion engine is a 
diesel engine. Diesel engines combust fuel by com- 30 
pressing a mixture of air and fuel to a point where the 
fuel is ignited by heat which results from such compres- 
sion. When natural gas is used as a fuel in a diesel 
engine, the natural gas does not readily ignite as it is 
compressed. In order to overcome this problem, an igni- 35 
tion source is provided to ignite the natural gas. The 
ignition source may be provided by a spark plug similar 
to those used in spark ignition engines. However, in cer- 
tain types of diesel engines (e.g. dual fuel engines), the 
ignition source is provided by injecting a stream of die- 40 
sel pilot fuel, into a mixture of air and natural gas (or 
other gaseous fuel). As the mixture of air, natural gas, 
and diesel pilot fuel is compressed, the diesel pilot fuel 
ignites, which in turn ignites the natural gas. 
[0004] When operating an engine with a mixture of 45 
natural gas and pilot diesel fuel, the presence of the 
pilot diesel fuel during combustion of the mixture results 
in generation of a certain amount of oxides of Nitrogen 
(NO*). This certain amount of NO x is greater than the 
amount of NO x produced when the engine is operated so 
on natural gas alone. This is true since the composition 
(i.e. ratio of air to fuel) of the mixture varies depending 
on its proximity to the stream of diesel pilot fuel being 
injected into the combustion chamber. In particular, the 
mixture of natural gas and pilot diesel fuel near the ss 
stream of diesel pilot fuel is rich, while the mixture away 
from the stream of diesel pilot fuel is lean. Combustion 
of rich mixtures tend to produce a substantial quantity of 



NO x . (Note that combustion of lean mixtures tend to 
produce a substantially reduced quantity of NOx). 
[0005] What is n eded therefore is a dual fuel engine 
which generates a relatively small amount of NO x and 
other combustion byproducts during operation of the 
engine. 

Disclosure of the Invention 

[0006] In accordance with a first embodiment of the 
present invention, there is provided a method of operat- 
ing an engine assembly having a cylinder assembly 
which defines a combustion chamber. The method 
includes the steps of performing an intake stroke of the 
cylinder assembly and advancing a conditioning fuel 
into the combustion chamber during the intake stroke 
performing step. The method further includes the steps 
of advancing a gaseous fuel into the combustion cham- 
ber during the intake stroke performing step and per- 
forming a compression stroke of the cylinder assembly 
after the intake stroke performing step. The method yet 
further includes the steps of advancing a pilot fuel into 
the combustion chamber during the compression stroke 
performing step and combusting the pilot fuel in the 
combustion chamber during the compression stroke 
performing step so as to ignite the conditioning fuel and 
the gaseous fuel. The gaseous fuel and the conditioning 
fuel are mixed in the combustion chamber prior to the 
pilot fuel advancing step so as to facilitate ignition of the 
gaseous fuel in the combustion chamber. 
[0007] In accordance with a second embodiment of 
the present invention, there is provided a method of 
operating an engine assembly having a cylinder assem- 
bly which defines a combustion chamber. The cylinder 
assembly is operable to perform an intake stroke and a 
compression stroke. The method includes the steps of 
advancing a conditioning fuel into the combustion 
chamber with a fuel injector during the intake stroke and 
advancing a gaseous fuel into the combustion chamber 
during the intake stroke. The method further includes 
the step of advancing a pilot fuel into the combustion 
chamber with the fuel injector during the compression 
stroke and combusting the pilot fuel in the combustion 
chamber during the compression stroke so as to ignite 
the conditioning fuel and the gaseous fuel. 
[0008] In accordance with a third embodiment of the 
present invention, there is provided a method of operat- 
ing an engine assembly having a cylinder assembly 
which defines a combustion chamber. The cylinder 
assembly being operable to perform an intake stroke 
and a compression stroke. The method includes the 
steps of advancing a conditioning fuel into the combus- 
tion chamber with a conditioning fuel injector during the 
intake stroke and advancing a gaseous fuel into the 
combustion chamber during the intake strok . The 
method further includes the steps of advancing a pilot 
fuel into the combustion chamber with a pilot fuel injec- 
tor during the compression stroke and combusting the 



2 



3 



EP 0 967 372 A2 



4 



pilot fuel In the combustion chamber during the com- 
pression stroke so as to ignite the conditioning fuel and 
the gaseous fuel. 

Brief Description of the Drawings 
[0009] 

FIG. 1 is a partial cross sectional, partial schematic 
view of a dual fuel engine which incorporates the 
features of the present invention therein; 
FIG. 2 is a partial cross sectional, partial schematic 
view of a second embodiment of the dual fuel 
engine which incorporates the features of the 
present invention therein; 
FIG. 3A is a graph which illustrates the pressure 
rise in the combustion chamber during the com- 
pression stroke of the engine assembly of FIG. 1 ; 
FIG. 36 is a graph similar to FIG. 3A which illus- 
trates the variation in ignition threshold pressure 
due to advancing different amounts of conditioning 
fuel into the combustion chamber during an intake 
stroke; 

FIG. 3C is a graph similar to FIG. 3A which illus- 
trates the pressure rise due to combusting different 
amounts of pilot fuel in the combustion chamber 
during a compression stroke; and 
FIG. 3D is a graph similar to FIG. 3A which illus- 
trates the pressure rise due to injecting the pilot fuel 
into the combustion chamber at various times dur- 
ing the compression stroke. 

Best Mode for Carrying Out the Invention 

[0010] While the invention is susceptible to various 
modifications and alternative forms, two specific 
embodiments thereof have been shown by way of 
example in the drawings and will herein be described in 
detail. It should be understood, however, that there is no 
intent to limit the invention to the particular forms dis- 
closed, but on the contrary, the intention is to cover all 
modifications, equivalents, and alternatives falling 
within the spirit and scope of the invention as defined by 
the appended claims. 

[001 1 ] Referring now to FIGS. 1 and 2, there is shown 
an engine assembly 10. The engine assembly 10 
includes a plenum member 12, and an air source 14. 
The plenum member 12 has an inlet opening 16, and an 
exit opening 15 defined therein. The air source 14 sup- 
plies air to the inlet opening 16. The air from the air 
source 14 advances into a plenum chamber 24 defined 
in the plenum member 12 via the inlet opening 16. 
[001 2] The engine assembly 1 0 further includes a fuel 
combustion assembly or cylinder assembly 26. The cyl- 
inder assembly 26 includes a block 28 having a piston 
cylinder 30 defined therein. An engine head 32 is 
secured to the block 28. The engine head 32 has an 
intake port 34, an exhaust port 36, and a first fuel injec- 



tor opening 60 defined therein. An intake conduit 38 
places the intake port 34 in fluid communication with the 
exit opening 15 of the plenum member 12. An exhaust 
conduit 52 places the exhaust port 36 in fluid communi- 

5 cation with an exhaust manifold 54. 

[001 3] The engine assembly 1 0 further includes a pis- 
ton 40 which translates in the piston cylinder 30 in the 
general direction of arrows 42 and 44. As the piston 40 
moves downwardly in the general direction of arrow 44 

10 to the position (shown in FIG. 1), a connecting rod 43 
urges a crankshaft 50 to rotate in the general direction 
of arrow 51. Subsequently, as the crankshaft 50 contin- 
ues to rotate in the general direction of arrow 51, the 
crankshaft 50 urges the connecting rod 43 and the pis- 

15 ton 40 in the general direction of arrow 42 to return the 
piston 40 to the uppermost position (not shown). 
[0014] The piston 40, the piston cylinder 30, and the 
engine head 32 cooperate so as to define a combustion 
chamber 46. In particular, when the piston 40 is 

20 advanced in the general direction of arrow 42. the vol- 
ume of the combustion chamber 46 is decreased. On 
the other hand, when the piston 40 is advanced in the 
general direction of arrow 44, the volume of the com- 
bustion chamber 46 is increased as shown in FIG. 1. 

25 [0015] The engine assembly 10 further includes a 
gaseous fuel source 18 in fluid communication with the 
intake conduit 38. A gaseous fuel supply valve 41 con- 
trols the amount of gaseous fuel, such as natural gas, 
advanced to the intake conduit 38. In particular, the gas- 

30 eous fuel supply valve 41 moves between an open posi- 
tion which advances gaseous fuel to the intake conduit 
38 and a closed position which prevents advancement 
of gaseous fuel to the intake conduit 38. It should be 
appreciated that the amount of gaseous fuel advanced 

35 by the gaseous fuel valve 41 controls the ratio of air to 
gaseous fuel, or air-fuel ratio, advanced to the combus- 
tion chamber 46. Specifically, if it is desired to advance 
a leaner mixture to the combustion chamber 46, the 
gaseous fuel valve 41 is operated to advance less gas- 

40 eous fuel to the intake conduit 38. On the other hand, if 
it is desired to advance a richer mixture of air and gase- 
ous to the combustion chamber 46, the gaseous fuel 
valve 41 is operated to advance more gaseous fuel to 
the intake conduit 38. 

45 [0016] An intake valve 48 selectively places the ple- 
num chamber 24 in fluid communication with the com- 
bustion chamber 46. The intake valve 48 is actuated in 
a known manner by a camshaft (not shown), a pushrod 
(not shown), and a rocker arm (not shown) driven by the 

so rotation of the crankshaft 50. When the intake valve 48 
is placed in the open position (shown in FIGS. 1 and 2) 
air and gaseous fuel is advanced from the intake con- 
duit 38 to the combustion chamber 46 via the intake port 
34. When the intake valve 48 is placed in the closed 

55 position (not shown) gaseous fuel and air are prevented 
from advancing from the intake conduit 38 to the com- 
bustion chamber 46 since the intake valve 48 blocks 
fluid flow through the intake port 34. 
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[0017] An exhaust valve 56 selectiv ly places the 
exhaust manifold 54 in fluid communication with the 
combustion chamber 46. The exhaust valv 56 is actu- 
ated in a known manner by a camshaft (not shown), a 
pushrod (not shown), and a rocker arm (not shown) 
each of which are driven by the rotation of the crank- 
shaft 50. When the exhaust valve 56 is placed in the 
open position (not shown) exhaust gases are advanced 
from the combustion chamber 46 to the exhaust mani- 
fold 54 via a fluid path that includes the exhaust port 36 
and the exhaust conduit 52. When the exhaust valve 56 
is placed in the closed position (shown in FIGS. 1 and 2) 
exhaust gases are prevented from advancing from the 
combustion chamber 46 to the exhaust manifold 54 
since the exhaust valve 56 blocks fluid flow through the 
exhaust port 36. 

[0018] The engine assembly 10 further includes a fuel 
reservoir 70. A fuel pump 72 draws low pressure fuel 
from the fuel reservoir 70 and advances high pressure 
fuel to a first fuel injector 62 via the fuel line 74. The first 
fuel injector 62 is positioned in the first injector opening 
60 and is operable to inject a quantity of fuel into the 
combustion chamber 46 through the first injector open- 
ing 60. In particular, the first fuel injector 62 injects fuel 
into the combustion chamber 46 upon receipt of a first 
injector control signal on a signal line 100. 
[0019] Referring now to FIG. 2, the second embodi- 
ment of the engine assembly 10 further includes a sec- 
ond fuel injector 66 positioned proximate to a second 
fuel injector opening 68 defined in a side wall of the 
intake conduit 38. The second fuel injector 66 is opera- 
ble to inject a quantity of fuel into the intake conduit 38 
through the second injector opening 68. In particular, 
the engine assembly 10 further includes a second fuel 
reservoir 80. A second fuel pump 82 draws low pres- 
sure fuel from the second fuel reservoir 80 and 
advances high pressure fuel to the second fuel injector 
66 via the fuel line 84. The pressurized fuel received 
from the fuel line 84 is injected into the intake conduit 38 
by the second fuel injector 66 upon receipt of a second 
injector control signal on a signal line 98. The fuel 
injected into the intake conduit 38 is subsequently 
advanced to the combustion chamber 46 when the 
intake valve 48 is positioned in the open position. 
[0020] It should be appreciated that the use of the sec- 
ond fuel injector 66 in the second embodiment allows a 
first type of fuel to be placed in the first reservoir 70 and 
a second type of fuel to be placed in the second reser- 
voir 80, thus, allowing the first type of fuel to be 
advanced to the combustion chamber 46 with the first 
fuel injector 62 and the second type of fuel to be 
advanced to the combustion chamber 46 with the sec- 
ond fuel injector 66. However, it should be further appre- 
ciated that if it is desirable to advance a single fuel to the 
combustion chamber 46, the second fuel reservoir 80, 
the second fuel pump 82, and the fuel line 84 can be 
liminated and the fuel line 74 can advance the first type 
of fuel to both the first fuel injector 62 and the second 



fuel injector 66. Furthermore, both the first type of fuel 
and the second type of fuel can be any one of the follow- 
ing group of fuels: diesei fuel, crude oil, lubricating oil, or 
an emulsion of water and diesei fuel. 

5 [0021] Referring again to FIGS. 1 and 2, the engine 
assembly 10 further includes a crank angle sensor 86 
and a pressure sensor 88. The crank angle sensor 86 
measures the instantaneous position of the crankshaft 
50 and generates a crank angle signal in response 

10 thereto. The pressure sensor 88 is mounted on the 
engine head 32 and is in fluid communication with the 
combustion chamber 46. The pressure sensor 88 
measures the instantaneous pressure in the combus- 
tion chamber 46 and generates a pressure signal in 

is response thereto. 

[0022] The engine assembly 10 further includes an 
engine control unit 90. The engine control unit 90 is 
operative to receive crank angle signals from a crank 
angle sensor 86 via the signal line 92 and pressure sig- 

20 nals from the pressure sensor 88 via the signal line 94. 
The engine control unit 90 then generates the first injec- 
tor control signal which is sent to the first fuel injector 62 
via the signal line 100 that controls the quantity and tim- 
ing of fuel injected by the first fuel injector 62. For the 

25 second embodiment of the engine assembly 10 (shown 
in FIG. 2), the engine control unit 90 also generates the 
second fuel injector control signal which is sent to the 
second fuel injector 66 via a signal line 98 that controls 
the quantity and timing of fuel injected by the second 

30 fuel injector 66. 

[0023] The engine control unit 90 is further operable 
to control the gaseous fuel supply valve 41 . Fuel control 
signals are sent to the gaseous fuel supply valve 41 via 
the signal line 96 causing the gaseous fuel supply valve 

35 41 to control the air-fuel ratio of the air and gaseous fuel 
mixture advanced to the combustion chamber 46, as 
described above. 

Industrial Applicability 

40 

[0024] In operation, the cylinder assembly 26 oper- 
ates in a four stroke cycle. The first stroke is an intake 
stroke, during which the exhaust valve 56 is positioned 
in the closed position and the intake valve 43 is posi- 

45 tioned in the open position. To create a homogeneous 
mixture of gaseous fuel, air, and pilot fuel in the com- 
bustion chamber prior to combustion, a small amount of 
pilot fuel, or conditioning fuel, is advanced to combus- 
tion chamber during the intake stroke. 

so [0025] To advance the conditioning fuel to the com- 

1 bustion chamber 46 with the first embodiment of the 
present invention (shown in FIG! 1), the engine control 
unit 90 sends the first injector control signal to the first 
fuel injector 62 via the signal line 100 which causes the 

55 first fuel injector 62 to inject the conditioning fuel into the 
combustion chamber 46 at the beginning of the intake 
stroke. 

[0026] To advance the conditioning fuel to the com- 
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bustion chamber 46 with the second embodiment of the 
present invention (shown in FIG. 2), the engine control 
unit 90 sends the second fuel injector control signal to 
the second fuel injector 66 via the signal line 98 which 
causes the second fuel injector 66 to inject the condi- 5 
tioning fuel into intake conduit 38 during the intake 
stroke. The conditioning fuel is thereby advanced to the 
combustion chamber 46 when the intake valve 48 is 
positioned in the open position. 
[0027] During the intake stroke, the piston 40 is 
advanced in the general direction of arrow 44 thereby 
creating a low pressure in the combustion chamber 46. 
This low pressure draws gaseous fuel, air, and condi- 
tioning fuel downwardly so as to form a homogeneous 
mixture in the combustion chamber 46. It should be 
appreciated that the conditioning fuel conditions, or 
changes the ignition characteristics of, the mixture of air 
and gaseous fuel. In particular, the addition of condition- 
ing fuel (i) lowers the pressure and temperature 
required to ignite the mixture of air and gaseous fuel 
and (ii) distributes pilot fuel substantially homogene- 
ously throughout the mixture of air and gaseous fuel. 
[0028] Advancing to a compression stroke, the intake 
valve 48 and the exhaust valve 56 are both positioned in 
their respective closed positions. As the piston 40 
moves upward in the general direction of arrow 42, it 
compresses the gaseous fuel, air, and conditioning fuel 
the combustion chamber 46. Referring now to FIG. 3A, 
a line 100 represents the pressure rise in the combus- 
tion chamber 46 as the gaseous fuel, air, and condition- 
ing fuel are compressed by the piston 40 advancing 
from the beginning of the compression stroke, or 180 
degrees before top dead center (TDC), toward the end 
of the compression stroke, or 0 degrees before TDC. A 
line 102 represents the combustion chamber pressure 
required to ignite a mixture of gaseous fuel and air 
which does not contain the conditioning fuel whereas a 
line 104 represents the combustion chamber pressure 
required to ignite the mixture of gaseous fuel, air, and 
conditioning fuel. The pressure required to ignite the 
mixture containing the conditioning fuel is significantly 
less because the conditioning fuel ignites more readily 
than the gaseous fuel. 

[0029] Near the end of the compression stroke, the 
first fuel injector 62 injects a pilot fuel into the combus- 
tion chamber 46 so as to ignite the mixture of gaseous 
fuel, air, and conditioning fuel. A line 106 represents the 
additional pressure generated in the combustion cham- 
ber 46 due to the combustion of the pilot fuel. The com- 
bustion of pilot fuel increases the pressure in the 
combustion chamber 46 beyond the ignition threshold 
indicated by line 104. A line 107 represents the total 
pressure generated in combustion chamber 46 due to 
the combustion of the conditioning fuel and gaseous 
fuel ignited by the pilot fuel. It should be appreciated 
that the increased pressure in the combustion chamber 
46 is accompanied by a corresponding increase in tem- 
perature which ignites the mixture in the combustion 



chamber 46. 

[0030] The ignition threshold varies with changes in 
engine operating conditions such as engine load, inlet 
temperature, inlet pressur , and engine speed. The 
engine control unit 90 is operable to monitor the pres- 
sure signals from the pressure sensor 88 and adjust the 
advancement of the conditioning fuel and the injection 
of pilot fuel for subsequent cycles of the cylinder assem- 
bly 26 accordingly. 

[0031 ] Referring now to FIG. 3B, the amount of condi- 
tioning fuel can be adjusted to increase or decrease the 
ignition threshold in the combustion chamber during a 
compression stroke prior to injecting the pilot fuel. To 
lower the ignition threshold of the mixture of the gase- 
ous fuel, air, and conditioning fuel, a greater amount of 
conditioning fuel is advanced into the combustion 
chamber 46 during the intake stroke. Note, that this 
lower ignition threshold is indicated by a line 104A. To 
raise the ignition threshold of the mixture of the gaseous 
fuel, air, and conditioning fuel, a lesser amount of condi- 
tioning fuel is advanced into the combustion chamber 
during the intake stroke. Note, that this raised ignition 
threshold is indicated by a line 104B. it should be appre- 
ciated that advancing too much conditioning fuel into 
the combustion chamber 46 is undesirable as the mix- 
ture of gaseous fuel, air, and conditioning fuel could pre- 
maturely ignite prior to the injection of the pilot fuel. On 
the other hand, if too little conditioning fuel is advanced 
into the combustion chamber 46. a greater amount of 
pilot fuel must be injected to increase the combustion 
chamber pressure beyond the ignition threshold and 
ignite the mixture of gaseous fuel, air, and conditioning 
fuel. However, increasing the amount of pilot fuel 
injected increases the production of NO* during the 
combustion process. 

[0032] Referring now to FIG. 3C, the amount of 
injected pilot fuel can be adjusted to increase or 
decrease the pressure in the combustion chamber 46 
caused by combustion of the pilot fuel. To increase the 
pressure rise caused by combustion of the pilot fuel, a 
greater amount of pilot fuel is injected into the combus- 
tion chamber 46 to produce a pressure rise illustrated 
by line 106A. To decrease the pressure caused by com- 
bustion of the pilot fuel, a lesser amount of pilot fuel is 
injected into the combustion chamber to produce a 
pressure rise illustrated by line 106B. It should be 
appreciated that injecting too much pilot fuel into the 
combustion chamber 46 creates rich mixtures in the 
combustion chamber 46 which increase the production 
of NOx. On the other hand, if too little pilot fuel is 
injected into the combustion chamber 46, then the mix- 
ture of gaseous fuel, air, and conditioning fuel may not 
ignite, and the engine 10 will cease to operate. 
[0033] Referring now to FIG. 3D, the timing of the pilot 
injection can be adjusted to ignite the mixture of gase- 
ous fuel, air, and conditioning fuel at various times dur- 
ing the compression stroke. To ignite the mixture at an 
earlier point of the compression stroke, the pilot fuel is 
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injected into the combustion chamber 46 earlier in the 
compression stroke to produce a total pressure rise 
indicated by line 107 A. To ignite the mixture at a later 
point of the compression stroke, the pilot fuel is injected 
into the combustion chamber 46 later in the compres- 
sion stroke to produce a total pressure rise indicated by 
line 107B. It should be appreciated that injecting the 
pilot fuel into the combustion chamber 46 earlier may be 
desirable when the engine is running at higher speeds. 
At higher speeds, a compression stroke is accom- 
plished in a shorter period of time. To compensate for a 
time delay between injection of the pilot fuel and ignition 
of the pilot fuel, the pilot fuel must be injected earlier at 
higher speeds to ignite the mixture at the proper time 
during the compression stroke. Alternately, injecting the 
pilot fuel into the combustion chamber 46 later may be 
desirable when the engine is running at lower speeds. 
[0034] It should be appreciated that the conditioning 
fuel and the pilot fuel are a single fuel in the first embod- 
iment of the present invention shown in FIG. 1 as the 
first fuel injector 62 is used to inject both the condition- 
ing fuel and the pilot fuel. However, the second embod- 
iment allows different types of fuel to be used as 
conditioning fuel and pilot fuel. In particular, the condi- 
tioning fuel is advanced to the combustion chamber 46 
by the second fuel injector 66 whereas the pilot fuel is 
advanced by the first fuel injector 62. Moreover, the sec- 
ond embodiment can be operated to use a single type of 
fuel as both the conditioning fuel and the pilot fuel. 
[0035] It should further be appreciated that by creating 
a homogeneous mixture of gaseous fuel, air, and condi- 
tioning fuel throughout the combustion chamber prior to 
injecting the pilot fuel into the combustion chamber 
allows the engine to operate with individual injections of 
pilot fuel which are smaller in volume. This is true since 
the conditioning fuel is homogeneously distributed 
throughout the combustion chamber 46 and thereby 
acts to lower the ignition threshold as shown in FIG. 3A. 
[0036] It should additionally be appreciated that by 
creating a homogeneous mixture of gaseous fuel, air, 
and conditioning fuel throughout the combustion cham- 
ber prior to injecting the pilot fuel into the combustion 
chamber effectively provides a relatively large number 
of ignition sources for the gaseous fuel. This large 
number of ignition sources causes rapid combustion of 
the very lean homogenous mixture throughout the com- 
bustion chamber thereby resulting in the production of a 
relatively small quantity of NO*. 
[0037] The combustion of the gaseous fuel, air, condi- 
tioning fuel, and pilot fuel advances the cylinder assem- 
bly 26 to a power stroke in which the intake valve 48 and 
the exhaust valve 56 are both positioned in their respec- 
tive closed positions. As the gaseous fuel, air, condition- 
ing fuel, and pilot fuel are combusted, exhaust gases 
are formed. The formation of the exhaust gases gener- 
ates pressure which acts upon the piston 40 to drive the 
piston 40 in the general direction of arrow 44. The 
movement of the piston 40 in the general direction of 



arrow 44 causes the crankshaft 50 to rotate in the gen- 
eral direction of arrow 51 . 

[0038] Thereafter, the piston assembly 26 is advanced 
to an exhaust stroke during which the exhaust valve 56 
5 is positioned in the open position and the intake valve 
48 is positioned in the closed position. Since the pres- 
sure generated by the formation of exhaust gases in the 
combustion chamber 46 is greater than the pressure in 
the exhaust manifold 54, the exhaust gases advance 
io from the combustion chamber 46, through the exhaust 
port 36, through the exhaust conduit 52, and into the 
exhaust manifold 54. From the exhaust manifold 54, the 
exhaust gases are advanced to a turbocharger (not 
shown) prior to being exhausted to the atmosphere. 
is [0039] While the invention has been illustrated and 
described in detail in the drawings and foregoing 
description, such illustration and description is to be 
considered as exemplary and not restrictive in charac- 
ter, it being understood that only the preferred embodi- 
20 ments have been shown and described and that all 
changes and modifications that come within the spirit of 
the invention are desired to be protected. 
[0040] According to its broadest aspect the invention 
relates to a method of operating an engine assembly 
(10) having a cylinder assembly (26) which defines a 
combustion chamber (46) , comprising the steps of: per- 
forming an intake stroke of the cylinder assembly (46) ; 
advancing a conditional fuel into the combustion cham- 
ber (46) during the intake stroke performing step; and 
advancing a gaseous fuel into the combustion chamber 
(46) during the intake stroke performing step. 
[0041 ] It should be noted that the objects and advan- 
tages of the invention may be attained by means of any 
compatible combination(s) particularly pointed out in 
the items of the following summary of the invention and 
the appended claims. 

SUMMARY OF THE INVENTION 

[0042] 

1. A method of operating an engine assembly (10) 
having a cylinder assembly (26) which defines a 
combustion chamber (46), comprising the steps of: 

performing an intake stroke of the cylinder 
assembly (46); 

advancing a conditioning fuel into the combus- 
tion chamber (46) during the intake stroke per- 
forming step; 

advancing a gaseous fuel into the combustion, 
chamber (46) during the intake stroke perform- 
ing step; 

performing a compression stroke of the cylin- 
der ass mbly (26) aft r the intake stroke per- 
forming step; 

advancing a pilot fu I into the combustion 
chamber (46) during the compression stroke 
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performing step; and 

combusting the pilot fuel in the combustion 
chamber (46) during the compression stroke 
p rforming step so as to ignite the conditioning 
fuel and the gaseous fuel, s 
whereby the gaseous fuel and the conditioning 
fuel are mixed in the combustion chamber (46) 
prior to the pilot fuel advancing step so as to 
facilitate ignition of the gaseous fuel in the com- 
bustion chamber (46). 10 

2. The method wherein: 

the engine assembly (10) further includes a 
fuel injector (62), is 
the conditioning fuel advancing step includes 
the step of operating the fuel injector (62) to 
advance the conditioning fuel into the combus- 
tion chamber (46), and 

the pilot fuel advancing step includes the step 20 
of operating the fuel injector (62) to advance 
the pilot fuel into the combustion chamber (46). 

3. The method wherein: 

25 

the cylinder assembly (26) includes an engine 
head, the engine head (32) includes an injector 
opening (60) defined therein, 
the fuel injector (62) is positioned to inject pilot 
fuel through the injector opening (60), and 30 
the pilot fuel advancing step includes the step 
of injecting pilot fuel into the combustion cham- 
ber (46) through the injector opening (60). 

4. The method wherein: 35 

the conditioning fuel is diesel fuel, and 
the pilot fuel is diesel fuel. 

5. The method wherein: *o 

the engine assembly (10) further includes a 
pressure sensor (83) positioned to measure 
pressure in the combustion chamber (46), and 
the conditioning fuel advancing step further 45 
includes the steps of (i) measuring the pres- 
sure in the combustion chamber (46) during the 
compression stroke so as to obtain a number of 
measured pressure values, and (it) adjusting 
the amount of conditioning fuel advanced to the so 
combustion chamber (46) during a subsequent 
intake stroke based on the measured pressure 
values. 

6. The method wherein: 55 

the engine assembly (10) further includes a 
pressure sensor (88) positioned to measure 



pressure in the combustion chamber (46), and 
the pilot fuel advancing step further includes 
th steps of (i) measuring the pressure in the 
combustion chamber (46) during the compres- 
sion stroke so as to obtain a number of meas- 
ured pressure values, and (ii) adjusting the 
amount of pilot fuel advanced into the combus- 
tion chamber (46) during a subsequent com- 
pression stroke based on the measured 
pressure values. 

7. The method wherein: 

the engine assembly (10) further includes a 
pressure sensor (88) positioned to measure 
pressure in the combustion chamber (46), and 
the pilot fuel advancing step further includes 
the steps of (i) measuring the pressure in the 
combustion chamber (46) during the compres- 
sion stroke so as to obtain a number of meas- 
ured pressure values, and (ii) adjusting when 
the pilot fuel is advanced into the combustion 
chamber (46) during the compression stroke 
based on the measured pressure values. 

8. The method wherein: 

the engine assembly (10) further includes a 
first fuel injector (62) and a second fuel injector 
(66), 

the pilot fuel advancing step includes the step 
of operating the first fuel injector (62) to 
advance the pilot fuel into the combustion 
chamber (46), and 

the conditioning fuel advancing step includes 
the step of operating the second injector (66) to 
advance the conditioning fuel into the combus- 
tion chamber (46). 

9. The method wherein: 

the cylinder assembly (26) includes an engine 

head (32), the engine head (32) includes a first 

injector opening (60) defined therein, 

the first fuel injector (62) is positioned to inject 

pilot fuel through the first injector opening (60), 

and 

the pilot fuel advancing step further includes 
the step of injecting pilot fuel into the combus- 
tion chamber (46) through the first injector 
opening (60). 

10. The method wherein: 

the engine assembly (10) further includes an 
intake conduit (38) which is in fluid communica- 
tion with the combustion chamber (46). 
the intake conduit (38) includes a second injec- 
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tor opening (68) defined in a side wall thereof, 
the second fuel injector (66) is positioned to 
inject conditioning fuel through the second 
injector opening (68), and 
the conditioning fuel advancing step includes s 
the step of injecting conditioning fuel into the 
intake conduit (38) through the second injector 
opening (68). 

1 1 . The method wherein: io 

the conditioning fuel is selected from the group 
consisting essentially of (i) a lubricating oil, (ii) 
a crude oil, and (iii) an emulsion of H 2 0 and 
diesel fuel, and is 
the pilot fuel is diesel fuel. 

1 2. A method of operating an engine assembly hav- 
ing a cylinder assembly (26) which defines a com- 
bustion chamber (46), with the cylinder assembly 20 
(26) being operable to perform an intake stroke and 

a compression stroke, comprising the steps of: 

advancing a conditioning fuel into the combus- 
tion chamber (46) with a fuel injector (62) dur- 25 
ing the intake stroke; 

advancing a gaseous fuel into the combustion 
chamber (46) during the intake stroke; 
advancing a pilot fuel into the combustion 
chamber (46) with the fuel injector (62) during 30 
the compression stroke; and 
combusting the pilot fuel in the combustion 
chamber (46) during the compression stroke so 
as to ignite the conditioning fuel and the gase- 
ous fuel. 35 

13. The method wherein: 

the cylinder assembly (26) includes an engine 
head (32), the engine head (32) includes an 40 
injector opening (60) defined therein, 
the fuel injector (62) is positioned to inject pilot 
fuel through the injector opening (60), and 
the pilot fuel advancing step includes the step 
of injecting pilot fuel into the combustion cham- 45 
ber (46) through the injector opening (60). 

14. The method wherein: 

the conditioning fuel is diesel fuel, and so 
the pilot fuel is diesel fuel. 

15. The method wherein: 

55 

the engine assembly (10) further includes a 
pressure sensor (88) positioned to measure 
pressure in the combustion chamber (46), 



the pilot fuel advancing step further includes 
the step of measuring the pressure in the com- 
bustion chamber (46) during the compression 
stroke so as to obtain a number of measured 
pressure values, 

the conditioning fuel advancing step further 
includes the step of adjusting the amount of 
conditioning fuel advanced to the combustion 
chamber (46) during a subsequent intake 
stroke based on the measured pressure val- 
ues, and 

the pilot fuel advancing step further includes 
the steps of (i) adjusting the amount of pilot fuel 
advanced to the combustion chamber (46) dur- 
ing a subsequent compression stroke based on 
the measured pressure values and (ii) adjust- 
ing when the pilot fuel is advanced into the 
combustion chamber (46) during the subse- 
quent compression stroke based on the meas- 
ured pressure values. 

16. A method of operating an engine assembly (10) 
having a cylinder assembly (26) which defines a 
combustion chamber (46), with the cylinder assem- 
bly (26) being operable to perform an intake stroke 
and a compression stroke, comprising the steps of: 

advancing a conditioning fuel into the combus- 
tion chamber (46) with a conditioning fuel injec- 
tor (66) during the intake stroke; 
, advancing a gaseous fuel into the combustion 
chamber during the intake stroke; 
advancing a pilot fuel into the combustion 
chamber (46) with a pilot fuel injector (62) dur- 
ing the compression stroke; and 
combusting the pilot fuel in the combustion 
chamber (46) during the compression stroke so 
as to ignite the conditioning fuel and the gase- 
ous fuel. 

17. The method wherein: 

the engine assembly (10) further includes an 
intake conduit (38) which is in fluid communica- 
tion with the combustion chamber (46), 
the intake conduit (38) includes a conditioning 
injector opening (68)defined in a side wall 
thereof, 

the conditioning fuel injector (66) is positioned 
to inject conditioning fuel through the second 
injector opening (68), and 
the conditioning fuel advancing step includes 
the step of injecting conditioning fuel into the 
intake conduit (38) through the conditioning 
injector opening (68). 

18. The method wherein: 
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the cylinder assembly (26) includes an engine 

head, the engine head (32) includes a pilot 

injector opening (60) defined therein, 

the pilot fuel injector (62) is positioned to inject 

pilot fuel through the pilot injector opening (60), 

and 

the pilot fuel advancing step includes the step 
of injecting pilot fuel into the combustion cham- 
ber (46) through the pilot injector opening (60). 

19. The method wherein: 

the conditioning fuel is selected from the group 
consisting essentially of (i) a lubricating oil, (ii) 
a crude oil, and (iii) an emulsion of H 2 0 and 
diesel fuel, and 
the pilot fuel is diesel fuel. 

20. The method wherein: 

the engine assembly (10) further includes a 
pressure sensor (88) positioned to measure 
pressure in the combustion chamber (46), 
the pilot fuel advancing step further includes 
the step of measuring the pressure in the com- 
bustion chamber (46) during the compression 
stroke so as to obtain a number of measured 
pressure values, 

the conditioning fuel advancing step further 
includes the step of adjusting the amount of 
conditioning fuel advanced to the combustion 
chamber (46) during the subsequent intake 
stroke based on the measured pressure val- 
ues, and 

the pilot fuel advancing step further includes 
the steps of (i) adjusting the amount of pilot fuel 
advanced to the combustion chamber (46) dur- 
ing a subsequent compression stroke based on 
the measured pressure values and (ii) adjust- 
ing when the pilot fuel is advanced to the com- 
bustion chamber (46) during a subsequent 
compression stroke based on the measured 
pressure values. 

Claims 

1. A method of operating an engine assembly (10) 
having a cylinder assembly (26) which defines a 
combustion chamber (46), comprising the steps of: 

performing an intake stroke of the cylinder 
assembly (46); 

advancing a conditioning fuel into the combus- 
tion chamber (46) during the intake stroke per- 
forming step: 

advancing a gaseous fuel into the combustion 
chamber (46) during the intake stroke perform- 
ing step; 



performing a compression stroke of the cylin- 
der assembly (26) after the intake stroke per- 
forming step; 

advancing a pilot fuel into the combustion 
5 chamber (46) during the compression stroke 

performing step; and 

combusting the pilot fuel in the combustion 
chamber (46) during the compression stroke 
performing step so as to ignite the conditioning 

10 fuel and the gaseous fuel, 

whereby the gaseous fuel and the conditioning 
fuel are mixed in the combustion chamber (46) 
prior to the pilot fuel advancing step so as to 
facilitate ignition of the gaseous fuel in the com- 

15 bustion chamber (46). 

2. The method of claim 1 , wherein: 

the engine assembly (10) further includes a 

20 fuel injector (62), 

the conditioning fuel advancing step includes 
the step of operating the fuel injector (62) to 
advance the conditioning fuel into the combus- 
tion chamber (46), and 

25 the pilot fuel advancing step includes the step 

of operating the fuel injector (62) to advance 
the pilot fuel into the combustion chamber (46). 

3. The method of claim 2, wherein: 

30 

the cylinder assembly (26) includes an engine 
head, the engine head (32) includes an injector 
opening (60) defined therein, 
the fuel injector (62) is positioned to inject pilot 
35 fuel through the injector opening (60). and 

the pilot fuel advancing step includes the step 
of injecting pilot fuel into the combustion cham- 
ber (46) through the injector opening (60). 

40 4, The method of claim 2, wherein: 

the conditioning fuel is diesel fuel, and 
the pilot fuel is diesel fuel. 

45 5. The method of any of the preceding claims wherein 

the engine assembly (10) further includes a 
pressure sensor (88) positioned to measure 
pressure in the combustion chamber (46). and 

so the conditioning fuel advancing step further 

includes the steps of (i) measuring the pres- 
sure in the combustion chamber (46) during the 
compression stroke so as to obtain a number of 
measured pressure values, and (ii) adjusting 

55 the amount of conditioning fuel advanced to the 

combustion chamber (46) during a subsequent 
intake stroke based on the measured pressure 
values. 
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and/or wherein preferably: 
the engine assembly (10) further includes a 
pressure sensor (88) positioned to measure 
pressure in the combustion chamber (46). and 
the pilot fuel advancing step further includes s 
the steps of (0 measuring the pressure in the 
combustion chamber (46) during the compres- 
sion stroke so as to obtain a number of meas- 
ured pressure values, and (ii) adjusting the 
amount of pilot fuel advanced into the combus- 10 
tion chamber (46) during a subsequent com- 6. 
pression stroke based on the measured 
pressure values, 
and/or wherein preferably: 
the engine assembly (10) further includes a is 
pressure sensor (88) positioned to measure 
pressure in the combustion chamber (46), and 
the pilot fuel advancing step further includes 
the steps of (i) measuring the pressure in the 
combustion chamber (46) during the compres- 20 
sion stroke so as to obtain a number of meas- 
ured pressure values, and (ii) adjusting when 
the pilot fuel is advanced into the combustion 
chamber (46) during the compression stroke 
based on the measured pressure values, 25 
and/or wherein preferably: 
the engine assembly (TO) further includes a 
first fuel injector (62) and a second fuel injector 
(66). 

the pilot fuel advancing step includes the step so 7. 
of operating the first fuel injector (62) to 
advance the pilot fuel into the combustion 
chamber (46), and 

the conditioning fuel advancing step includes 
the step of operating the second injector (66) to 35 
advance the conditioning fuel into the combus- 
tion chamber (46), 
and/or wherein preferably: 
the cylinder assembly (26) includes an engine 
head (32), the engine head (32) includes a first 40 
injector opening (60) defined therein, 
the first fuel injector (62) is positioned to inject 
pilot fuel through the first injector opening (60). 
and 

the pilot fuel advancing step further includes 45 
the step of injecting pilot fuel into the combus- 
tion chamber (46) through the first injector 
opening (60), 
and/or wherein preferably: 
the engine assembly (10) further includes an so 
intake conduit (38) which is in fluid communica- 
tion with the combustion chamber (46). 
the intake conduit (38) includes a second injec- 
tor opening (68) defined in a side wall thereof, 
the second fuel injector (66) is positioned to 55 
inject conditioning fuel through the second 
injector opening (68), and 
the conditioning fuel advancing step includes 



the step of injecting conditioning fuel into the 

intake conduit (38) through the second injector 

opening (68), 

and/or wherei n preferably: 

the conditioning fuel is selected from the group 

consisting essentially of (i) a lubricating oil, (ii) 

a crude oil, and (iii) an emulsion of H 2 0 and 

diesel fuel, and 

the pilot fuel is diesel fuel. 

A method of operating an engine assembly having 
a cylinder assembly (26) which defines a combus- 
tion chamber (46), with the cylinder assembly (26) 
being operable to perform an intake stroke and a 
compression stroke, comprising the steps of: 

advancing a conditioning fuel into the combus- 
tion chamber (46) with a fuel injector (62) dur- 
ing the intake stroke; 

advancing a gaseous fuel into the combustion 
chamber (46) during the intake stroke; 
advancing a pilot fuel into the combustion 
chamber (46) with the fuel injector (62) during 
the compression stroke; and 
combusting the pilot fuel in the combustion 
chamber (46) during the compression stroke so 
as to ignite the conditioning fuel and the gase- 
ous fuel. 

The method of any of the preceding claims wherein: 

the cylinder assembly (26) includes an engine 
head (32), the engine head (32) includes an 
injector opening (60) defined therein, 
the fuel injector (62) is positioned to inject pilot 
fuel through the injector opening (60), and 
the pilot fuel advancing step includes the step 
of injecting pilot fuel into the combustion cham- 
ber (46) through the injector opening (60), 
and/or wherein preferably: 
the conditioning fuel is diesel fuel, and 
the pilot fuel is diesel fuel, 
and/or wherein preferably: 
the engine assembly (10) further includes a 
pressure sensor (88) positioned to measure 
pressure in the combustion chamber (46), 
the pilot fuel advancing step further includes 
the step of measuring the pressure in the com- 
bustion chamber (46) during the compression 
stroke so as to obtain a number of measured 
pressure values, 

the conditioning fuel advancing step further 
includes the step of adjusting the amount of 
conditioning fuel advanced to the combustion 
chamber (46) during . a subsequent intake 
stroke based on the measured pressure val- 
ues, and . 

the pilot fuel advancing step further includes 
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the steps of (I) adjusting the amount of pilot fuel 
advanced to the combustion chamb r (46) dur- 
ing a subsequent compression stroke based on 
the measured pressure values and (ii) adjust- 
ing when the pilot fuel is advanced into the 5 
combustion chamber (46) during the subse- 
quent compression stroke based on the meas- 
ured pressure values. 

8. A method of operating an engine assembly (10) 10 
having a cylinder assembly (26) which defines a 
combustion chamber (46), with the cylinder assem- 
bly (26) being operable to perform an intake stroke 
and a compression stroke, comprising the steps of: 

15 

advancing a conditioning fuel into the combus- 
tion chamber (46) with a conditioning fuel injec- 
tor (66) during the intake stroke; 
advancing a gaseous fuel into the combustion 
chamber during the intake stroke; 20 
advancing a pilot fuel into the combustion 
chamber (46) with a pilot fuel injector (62) dur- 
ing the compression stroke; and 
combusting the pilot fuel in the combustion 
chamber (46) during the compression stroke so 25 
as to ignite the conditioning fuel and the gase- 
ous fuel. 

9. The method of any of the preceding claims wherein: 

30 

the engine assembly (10) further includes an 
intake conduit (38) which is in fluid communica- 
tion with the combustion chamber (46), 
the intake conduit (38) includes a conditioning 
injector opening (68)defined in a side wall 35 
thereof, 

the conditioning fuel injector (66) is positioned 
to inject conditioning fuel through the second 
injector opening (68), and 
the conditioning fuel advancing step includes 40 
the step of injecting conditioning fuel into the 
intake conduit (38) through the conditioning 
injector opening (68), 
and/or wherein preferably: 
the cylinder assembly (26) includes an engine 45 
head, the engine head (32) includes a pilot 
injector opening (60) defined therein, 
the pilot fuel injector (62) is positioned to inject 
pilot fuel through the pilot injector opening (60), 
and so 
the pilot fuel advancing step includes the step 
of injecting pilot fuel into the combustion cham- 
ber (46) through the pilot injector opening (60), 
and/or wherein preferably: 
the conditioning fuel is selected from the group 55 
consisting essentially of (i) a lubricating oil. (ii) 
a crude oil, and (Hi) an emulsion of H 2 0 and 
diesel fuel, and 



the pilot fuel is diesel fuel, 
and/or wherein preferably: 
the engine assembly (10) further includes a 
pressure sensor (88) positioned to measure 
pressure in the combustion chamber (46), 
the pilot fuel advancing step further includes 
the step of measuring the pressure in the com- 
bustion chamber (46) during the compression 
stroke so as to obtain a number of measured 
pressure values, 

the conditioning fuel advancing step further 
includes the step of adjusting the amount of 
conditioning fuel advanced to the combustion 
chamber (46) during the subsequent intake 
stroke based on the measured pressure val- 
ues, and 

the pilot fuel advancing step further includes 
the steps of (i) adjusting the amount of pilot fuel 
advanced to the combustion chamber (46) dur- 
ing a subsequent compression stroke based on 
the measured pressure values and (ii) adjust- 
ing when the pilot fuel is advanced to the com- 
bustion chamber (46) during a subsequent 
compression stroke based on the measured 
pressure values. 

10. A method of operating an engine assembly (10) 
having a cylinder assembly (26) which defines a 
combustion chamber (46), comprising the steps of: 

performing an intake stroke of the cylinder 
assembly (46); 

advancing a conditioning fuel into the combus- 
tion chamber (46) during the intake stroke per- 
forming step; and 

advancing a gaseous fuel into the combustion 
chamber (46) during the intake stroke perform- 
ing step. 
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